Shigella flexneri are pathogenic bacteria that invade host cells entering into an endocytic vacuole. Subsequently, the rupture of this membraneenclosed compartment allows bacteria to move within the cytosol, proliferate and further invade neighboring cells. Mycobacterium tuberculosis is phagocytosed by immune cells, and has recently been shown to rupture phagosomal membrane in macrophages. We developed a robust assay for tracking phagosomal membrane disruption after host cell entry of Shigella flexneri or Mycobacterium tuberculosis. The approach makes use of CCF4, a FRET reporter sensitive to β-lactamase that equilibrates in the cytosol of host cells. Upon invasion of host cells by bacterial pathogens, the probe remains intact as long as the bacteria reside in membrane-enclosed compartments. After disruption of the vacuole, β-lactamase activity on the surface of the intracellular pathogen cleaves CCF4 instantly leading to a loss of FRET signal and switching its emission spectrum. This robust ratiometric assay yields accurate information about the timing of vacuolar rupture induced by the invading bacteria, and it can be coupled to automated microscopy and image processing by specialized algorithms for the detection of the emission signals of the FRET donor and acceptor. Further, it allows investigating the dynamics of vacuolar disruption elicited by intracellular bacteria in real time in single cells. Finally, it is perfectly suited for high-throughput analysis with a spatio-temporal resolution exceeding previous methods. Here, we provide the experimental details of exemplary protocols for the CCF4 vacuolar rupture assay on HeLa cells and THP-1 macrophages for timelapse experiments or end points experiments using Shigella flexneri as well as multiple mycobacterial strains such as Mycobacterium marinum, Mycobacterium bovis, and Mycobacterium tuberculosis.
Introduction
Numerous bacterial pathogens are internalized in membrane-enclosed compartments of eukaryotic cells during their course of infection. Cell entry occurs either through phagocytosis by specialized host cells, as is the case for Mycobacterium tuberculosis that are ingested by macrophages, or the pathogens actively induce their uptake into typically non-phagocytic cells. In the case of induced uptake, for example for Shigella flexneri, the pathogen injects effector proteins into the host cytosol that hijack among other cell functions the tightly regulated endomembrane sorting machinery resulting in bacterial localization within an endosomal compartment 1, 2 . Subsequently, Shigella disrupts the enclosing membrane leading to vacuolar rupture and cytosolic access of the pathogen interfering with host membrane trafficking and avoiding delivery to the lysosome. More recently, phagolysosomal rupture has also been found as infection strategy used by Mycobacterium tuberculosis, a pathogen that was thought for a long time to be exclusively localized within a membrane-bound compartment 3, 17 .
To investigate dynamics of subcellular membrane trafficking of invasive pathogens, great improvements have been achieved since the transmission electron microscopy (TEM) based studies of the late 1980s 4, 5 . For example, fluorescence microscopy based methods using dyes, antibodies against bacterial surface components, or markers for co-localization with subcellular compartments took over 6, 7 . However, they still do not yield precise spatiotemporal resolution and robustness to measure vacuolar rupture by bacterial pathogens quantitatively.
This hurdle has been addressed with an assay based on the cephalosporin derived CCF4-AM FRET reporter that was first used to study gene expression 8 . Then, it was used in the context of infection biology to investigate effector secretion and to follow the uptake of Neisseria into host cells 9, 10, 11 . We developed an assay taking advantage of this reporter for studying vacuolar rupture induced by Shigella flexneri 12 and
Mycobacterium tuberculosis 17 flexneri. β-lactamase present on the surface of the bacteria is able to cleave the CCF4 substrate as soon as vacuolar rupture occurs. This leads to a loss of FRET signal switching the emission peak from 535 nm to 450 nm upon excitation of the probe at 405 nm. The ratiometric measurement of the 450/535 nm intensities highlights vacuolar integrity: low ratios reflect membrane-enclosed or extracellular bacteria whereas high ratios reflect contact between the bacteria and the host cytosol. We also report an adaptation of this method for studying phagosomal rupture induced by Mycobacterium tuberculosis in THP-1 macrophages. The experimental principles remain the same although the sequence is reversed, CCF4-AM loading is applied only after bacterial infection.
Thus, by quantitative ratiometric fluorescence measurements at the single cell level, the vacuolar rupture of Shigella flexneri can be tracked in real time and in fixed samples from different cell types 12, 13, 14 . Furthermore, this method can be adapted to a number of other invasive pathogens as shown in this study using Mycobacterium bovis and Mycobacterium tuberculosis. Finally, the miniaturization of our protocol to 96 well (or 384 well) formats allows screening of numerous conditions at high throughput.
Protocol
The assay works in various formats, however we recommend scaling down the sample volume to save reagents, particularly CCF4-AM. Therefore, the following protocol is described for fixed HeLa cells or THP-1 macrophage-like cells in a 96 well format, then for live HeLa cells in 35 mm glass bottom dishes. The assay can be adapted for other pathogens. Besides Shigella infection, we describe the assay for THP-1 phagocytosing different mycobacterial strains.
Importantly, after CCF4-AM loading, all reagents and buffers including washing buffers require the presence of probenecid at 1 mM. Probenecid is an anion channel inhibitor that promotes cytosolic retention of CCF4 throughout all the steps of the protocol. Fixed samples should be acquired within a few hours after the experiment since the CCF4 signal is not stable for long time periods. μM CCF4-AM (6 μM in the case of THP-1) and 1.25 μl of loading solution B (100 mg/ml Pluronic-F127 surfactant in DMSO/0.1% acetic acid provided along CCF4-AM LiveBlazer Loading Kit by Invitrogen) in EM buffer (120 mM NaCl, 7 mM KCl, 1.8 mM CaCl 2 , 0.8 mM MgCl 2 , 5 mM Glucose, 25 mM HEPES at pH 7.3). Wash the cells once with PBS and add 25 μl of CCF4-AM loading mix per well at room temperature in the dark for 2.5 hr. 5. Preparing bacteria for infection. Spin 1 ml of bacterial subcultures at 9,000 rpm for 1 min. Wash once with 500 μl PBS, spin at 9,000 rpm for 1 min and resuspend in 500 μl PBS supplemented with 10 μg/ml poly-L-lysine (Sigma) and 40 μg/ml β-lactamase (Sigma). After 10 min of incubation on a rotating wheel at room temperature, wash once with 500 μl PBS and resuspend bacteria in 500 μl EM buffer/1 mM probenecid. 6. Cell infection and fixation. Wash the cells once with 150 μl PBS/1 mM probenecid, prepare a mix of 10 μl of bacteria resuspended in a final volume of 100 μl of EM buffer/1 mM probenecid and distribute it to each well. After 15 min incubation in the dark at room temperature, switch the plate to 37 °C for 1 hr (90 min in the case of THP-1), wash with 150 μl PBS/1 mM probenecid and fix with 50 μl paraformaldehyde 4%/1 mM probenecid for 10 min in the dark. Then, wash with 150 μl PBS/1 mM probenecid, incubate for 30 min with 30 μl of 10 μM nuclei dye Draq5 (Biostatus), wash with 150 μl PBS/1 mM probenecid and leave samples in 100 μl PBS/1 mM probenecid. 7. Acquisition settings of fixed samples. Acquisition is performed either using (i) an inverted epifluorescence microscope with a 20x (0. 5 Numerical Aperture (NA), 2.1 Working Distance (WD)) or 40x (0.75 NA, 0.72 WD) N-Plan air objective or (ii) using a confocal microscope with a 10x objective. Fluorescence imaging is performed with excitation at 405 nm (Semrock, FF01-387/11-25) and emission detected via 450 nm (Semrock, FF02-447/60-25) and 535 nm filters (Semrock, FF01-520/35-25) using exposure times of 5 msec (transmitted light), 1,000 msec (535 nm) and 500 msec (450 nm). Confocal imaging is performed using the following exposure time: 240 msec (450 nm) and 360 msec (535 nm) for the 405 nm laser (870 μW), 640 msec (Draq5) for the 640 nm laser (2560 μW). 8. Post-acquisition analysis. Subsequently, images are analyzed by a computer algorithm that allows automated scoring of the fluorescence signal for each individual cells. Software such as Metamorph 7.1 or Acapella can be used to create a script for measuring the ratio between the 450nm and 535nm emission signals (available upon request). Of note, the use of a focus calibration device coupled to automated microscopy during the acquisition allows acquiring dozens of different positions in multiple wells at the same time. 
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Loading cells with CCF4-AM and fixation.
Wash the cells once with PBS and prepare the CCF4-AM loading mix as previously described for a final volume of 25 μl per well using a CCF4-AM final concentration of 6 μM. Loading takes place at room temperature in the dark for 2 hr before washing with 150 μl PBS/1 mM probenecid and fixation using 50 μl paraformaldehyde at 4% supplemented with1 mM probenecid for 30 min in the dark. Then, wash with 150 μl PBS/1 mM probenecid and leave samples in 100 μl PBS/1 mM probenecid. 5. Acquisition settings and post-acquisition analysis. Proceed as previously described in the first paragraph using Shigella flexneri.
Supplemental protocol
Fluorimetric assays are performed in order to check β-lactamase activity at the surface of bacteria. This should be done for each bacterial strain intended to be used in the described assay. For this purpose, washed bacteria are put in contact with 100 nM CCF4-AM (Invitrogen), 50 μg/ ml porcine esterase liver extracts (sigma) in 1 ml of PBS for 1 hr at 37 °C in the dark. Soluble lactamase 1 mg/ml (Invitrogen) can be used as a positive control. Then, an emission scan is performed at 405nm excitation using a PTI Quantamaster fluorimeter and a 1 ml quartz cuvette. The loss of FRET at 535 nm and the appearance of a high 450 nm peak are visualized upon bacteria addition to the CCF4 probe.
Representative Results
The CCF4-AM/β-lactamase approach is a robust and sensitive method for tracking vacuolar rupture of intracellular pathogens such as Shigella flexneri (Figure 1) . The Shigella strains that are used in this study are termed M90T AfaI and BS176 AfaI. M90T AfaI is a Shigella flexneri strain that expresses the adhesin AfaE, which is able to efficiently bind CD55 at the surface of epithelial cells 15 . Therefore AfaE expressing strains display much higher invasion abilities compared to the wild-type M90T strain in epithelial cells. BS176 AfaI is an AfaE expressing mutant Shigella flexneri strain devoid of the Shigella virulence plasmid. This strain is unable to invade HeLa cells. Nevertheless this strain is able to enter THP-1 cells since uptake in this cell line rely only on classical phagocytosis and does not require a functional type-3 secretion system. Both strains express β-lactamase, and display β-lactamase activity on their surface due to the presence of the AfaE encoding plasmid. Upon HeLa cell infection with the non-invasive BS176 AfaI strain for 1 hr, the CCF4 FRET probe remains intact, as shown in Figure 2A by the green signal (535 nm). On the contrary, the infection with the virulent M90T AfaI strain for 1 hr leads to a switch of signal towards blue (450 nm) highlighting the cleavage of the probe in the cytosol. In order to quantify this, we developed a script for the Metamorph and Acapella software that allows automated detection of cells and the measurement of intensities in the 535 and 450 nm channels for the determination of the ratiometric signal. As shown in Figure 2B , nuclei and cytosol of cells are segmented using the Draq5 channel. Then, the algorithm is capable to detect the 450 nm and the 535 nm positive cell populations for calculating the ratios between the two intensities for each individual cell that is represented as a histogram in Figure 2C . Low ratios are obtained for the mutant strain versus high ratios for the virulent strain. While this representative infection experiment was acquired using confocal microscopy, epifluorescence microscopy is also suited for this task. Figures 3 and 4 show examples using 2 different human cell types: HeLa epithelial cells and THP-1 macrophage-like cells. Upon infection with the virulent M90T AfaI Shigella strain for 1 hr and 90 min for HeLa and THP-1 cells, a switch of signal from green (535 nm) to blue (450 nm) is observed compared to BS176 AfaI infected cells (Figures 3A and 4A) . The script we developed on MetaMorph software detects directly the CCF4 positive population of cells and calculate the ratio between the intensities in 450 and 535 nm channels for each individual cells. Then cells are classified as a function of their ratio using a macro developed in Excel, thus yielding histograms showing the cell distribution. As it has been the case for the other script developed for Acapella, BS176 AfaI infected cells are characterized by low ratios, whereas M90T AfaI infected cells display high ratios using the MetaMorph algorithm on HeLa cells and THP-1 macrophages (Figures 3B and 4B) . Finally, an adaptation of this method to the study of mycobacteria is shown in Figure 5 . Mycobacterium bovis BCG resides in the phagosome for the whole course of the experiment, as reflected by the strong 535 nm signal detected throughout the time course of the experiment. In contrast, Mycobacterium tuberculosis elicits phagosomal membrane rupture in THP-1 macrophages after more than 3 days of infection as highlighted by a 450 nm signal at 7 days of infection ( Figure 5A and 5B). Using the same algorithm as for studying vacuolar rupture by Shigella, we found that Mycobacterium tuberculosis infected cells display higher 450/535 nm ratios than Mycobacterium bovis BCG after 7 days of infection (Figures 5C and 5D ). 
Discussion
The CCF4-AM/β-lactamase assay is a straightforward method to track vacuolar disruption induced by intracellular Shigella flexneri and mycobacteria in different cell types. It makes use of a lactamase sensitive cytoplasmic FRET reporter that is cleaved by an enzyme active on the surface of the bacteria.
Loss of the CCF4-AM substrate can easily be avoided by adding probenecid to all solutions after loading of the substrate. As demonstrated, the assay can be adapted to multiple cell types (epithelial cells, phagocytic cells) and formats (96 well, 35 mm glass bottom dishes, 6/12/24 well plates). For the use of the 6/12/24 well plate, sterile coverslips are distributed at the bottom of each well before seeding the cells. At the end of the experiment, coverslips are transferred on slides in mounting medium, such as Prolong Gold Antifade Reagent (Invitrogen). This way the signal is stable for longer time periods after the assay compared to the 96 wells format where samples are preserved in PBS after fixation. The high cost of the CCF4-AM substrate should be taken into account before determination of the sample volume. This is why we recommend scaling them down. Experiments are more expensive in 6/12/24 well format but the signals are stable for days. On the contrary, experiments are cheaper in the 96 well format, but samples have to be analyzed on the day of the experiment. It is noteworthy that live experiments can also be performed at the 96 well or 384 well format. This allows performing live experiment using dozens of conditions at the same time (mutant bacteria, MOI, plasmid or siRNA transfection, chemicals etc.) with numbers of positions per well. Although suited for Shigella flexneri, we highlight that "true" real time or time-lapse experiments are not feasible for mycobacteria studies since the infection cycle exceeds measurable concentrations of CCF4 that can be retained in the cytosol. For this reason, the CCF4-AM substrate is applied on cells only after invasion is achieved.
In case MetaMorph software is used for the acquisition and analysis, we recommend using the module "screen acquisition" that allows acquiring an entire 96/384 well plate with a specified number of pictures per well. Further, the module "review screen data" allows (i) visualizing the stitched picture mosaic of each well for any channel at the same time on a big "poster" and (ii) looping a specialized algorithm for measuring the intensities in the 535 and the 450 nm channels. Even though, we have been able to measure vacuolar rupture by single bacteria using time-lapse microscopy, we would like to caution that the enzymatic activity on the surface of individual bacteria varies rendering it difficult to precisely correlate number of intracellular bacteria and effectiveness of vacuolar rupture.
Given the robustness of the assay, it is suited for high throughput approaches in 96 or 384 well formats. We also have successfully adapted this protocol for FACS analysis to study the infection of cells in suspension 16 . The assay can also be used for the investigation of other bacteria or carriers presenting lactamase on their surface, leading to a wide range of applications. For example, this approach can be used to study vacuolar rupture induced by other pathogens such as β-lactamase expressing Legionella pneumophila, Listeria monocytogenes or Salmonella typhimurium 12 . Since Listeria monocytogenes has a short infection cycle comparable to Shigella flexneri, time-lapse experiments are possible. In contrast, because Legionella pneumophila and Salmonella typhimurium display long infection cycles, we suggest to perform end point experiments.
The variety of possible applications makes the CCF4-AM/β-lactamase assay an interesting fluorometric method for tracking vacuolar rupture induced by intracellular pathogens in fixed samples or in real time.
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